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Abstract 

Single-crystal  n-CdSe  surfaces  have  been  modified  by  an  exchange 
reaction  with  aqueous  Ag+  that  converts  part  of  the  surface  to  Ag2Se 
and  releases  Cd2  +  to  solution.  Formation  of  Ag2Se  is  established  by  X- 
ray  powder  diffraction.  ESCA  and  Auger  spectroscopy  are  consistent 
with  the  formation  of  Ag2Se  islands  having  thicknesses  of  ~20-500  A, 
depending  on  reaction  conditions  Steady-state  photoluminescence  (PL) 
experiments  show  that  Ag+ -exchanged  CdSe  (CdSe/Ag+)  can  be  superior 
to  CdSe  as  an  aniline  sensor:  ring-substituted  aniline  derivatives  in 
toluene  solution  cause  enhancements  of  the  CdSe  band  edge  PL  in 
CdSe/Ag+  samples  relative  to  a  toluene  ambient,  with  the  effect  about 
twice  as  large  as  for  unexchanged  CdSe.  The  variations  in  PL  intensity 
of  CdSe/Ag+  are  well  fit  by  a  dead-layer  model,  allowing  estimation  of 
the  adduct-induced  change  in  depletion  width.  The  magnitude  of  these 
variations  in  depletion  width  for  CdSe/Ag+  can  approach  1000  A.  The 
affinity  of  the  aniline  derivatives  for  the  CdSe/Ag+  surfaces,  as 
estimated  from  the  fit  of  concentration-dependent  PL  changes  to  the 
Langmuir  adsorption  isotherm  model,  is  also  about  twice  that  of 

unexchanged  CdSe:  equilibrium  constants  are  about  60-300  M'1  for  the 
binding  of  several  aniline  derivatives  to  CdSe/Ag+.  Time-resolved  PL 
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decay  curves  of  the  CdSe  edge  emission  of  CdSe/Ag+  samples 
demonstrate  that  the  rate  of  carrier  recombination  increases  with  the 
extent  of  the  exchange  reaction,  eventually  saturating.  PL  decay  curves 
of  CdSe/Ag+  are  insensitive  to  adduct  formation  for  p-OCHg  and  p- CHg 
derivatives,  suggesting  that  the  surface  recombination  velocity  is  not 
greatly  affected  by  aniline  adsorption.  An  isotype  heterojunction  model 
for  the  CdSe/Ag2Se  interface  is  proposed  to  rationalize  these 
observations. 
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INTRODUCTION 

We  have  recently  demonstrated  that  the  photoluminescence  (PL)  of 
semiconductors  can  be  perturbed  reversibly  by  the  adsorption  and 
desorption  of  molecules  from  gas  and  solution  phases,  permitting 
exploitation  of  the  solids  as  on-line  chemical  sensors.  The  basis  for 
this  effect  is  hypothesized  to  be  an  adsorption-induced  shift  in  the 
distribution  of  surface  states  relative  to  the  band  edges  and  in  the 
electronic  occupancy  of  the  states,  thereby  altering  the  depletion  width 
W.  If  W  is  assumed  to  be  a  nonemissive  zone,  as  a  result  of  efficient 
separation  of  photogenerated  carriers  (a  "dead-layer"  model),  the  PL 
intensity  will  be  affected,  a  result  we  have  verified  quantitatively  (vide 
infra)  for  numerous  adducts  of  molecules  with  semiconductor 
surfaces.1  ' 7 

In  designing  sensors  using  these  principles,  we  have  found  that 
classical  coordination  chemistry  is  an  excellent  guide  to  predicting 
what  adducts  are  likely  to  form  between  molecules  and  surface  atoms. 
Striking  PL  effects  have  been  obtained  by  using  CdSe  surfaces  to  detect 
amines,  reflecting  the  avidity  with  which  Cd2  +  ions  bind  to  the  -NH2 
functionality.  Moreover,  use  of  a  family  of  aniline  compounds  yielded 
broadly  tunable  PL  responses:  control  of  electron  density  at  the 
coordination  site  was  achieved  by  varying  the  ring  substituent.7 
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In  this  paper  we  demonstrate  that  the  PL  response  of  CdSe  to 
aniline  derivatives  may  be  amplified  by  exchanging  the  surface  with 
aqueous  Ag+  ions,  as  indicated  in  eq.  1.  This  chemical  displacement 

CdSe  (s)  +  2Ag+  (aq)  -->  Ag2Se  (s)  +  Cd2  +  (aq)  (1) 

reaction  has  ample  precedent  in  the  preparation  of  Cu2Se/CdSe,8 
Cu2S/CdS,9  and  Ag2S/CdS1  0  heterojunctions.  We  provide  evidence  from 
surface  analytical  techniques  that  our  synthetic  method  creates  Ag2Se 
islands  that  decorate  the  surface  with  n-CdSe/n-Ag2Se  isotype 
heterojunctions.  Steady-state  and  temporal  PL  data  reveal  that  these 
heterojunctions  enhance  the  binding  affinity  of  aniline  derivatives  for 
the  surface;  increase  carrier  recombination  kinetics;  and  enhance  the 
initial  band  bending,  causing  larger  aniline-induced  changes  in  PL 
intensity  and  depletion  width  relative  to  unexchanged  CdSe  surfaces,  and 
making  the  silver-exchanged  solids  (CdSe/Ag+)  superior  chemical 
sensors  for  aniline  derivatives. 


EXPERIMENTAL 

Materials  and  Methods.  Single-crystal,  vapor-grown,  c-plates  of  n- 
CdSe,  resistivity  ~2  O-cm,  were  obtained  from  Cleveland  Crystals,  Inc. 
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The  crystals  were  etched  in  Br2/MeOH  (1:30  by  volume;  5s),  revealing  the 
shiny,  Cd-rich  (0001)  face,  which  was  excited  in  the  PL  experiments.  All 
the  anilines  (p-OCH3,  p-CH3,  -H)  were  at  least  98%  pure  as  purchased 
from  Aldrich  and  were  distilled  in  vacuo  or  sublimed  before  use.  Toluene 
(Baker)  was  purged  with  N2.  Solutions  were  stored  in  a  N2  glove  bag  and 
used  within  48  h.  Bulk  Ag2Se  was  made  from  a  stoichiometric  melt  of 
0.732  g  Ag  (Aldrich;  99.999%)  and  0.268  g  Se  (Aldrich;  99.999%);  the 

reagents  were  heated  at  1000  °C  for  ~12  h  in  an  evacuated  quartz 

ampoule,  cooled  to  650  °C,  where  annealing  took  place  for  several  hours, 

and  then  cooled  to  room  temperature.1  1  Films  of  Ag2Se  were  prepared 

by  evaporation  of  bulk  Ag2Se  at  5  x  10'  5  torr  onto  chromium-coated 

glass  substrates  held  at  room  temperature  in  a  Mo  boat.  Film 
thicknesses,  determined  by  profilometry  using  a  Tencor  Instruments 
Model  Alpha-Step  200,  were  used  to  calibrate  sputtering  rates  for  Auger 
spectroscopy  experiments. 

Exchange  Experiments.  Solutions  were  prepared  from  AgN03  (EM 
Science)  and  Millipore  water  and  kept  in  the  dark  until  use.  For  steady- 
state  PL  studies,  samples  of  n-CdSe  were  cut  to  ~8x4x2  mm3  and  etched. 
Before  exchange,  half  the  crystal  surface  was  coated  with  nail  polish  so 
that  it  could  be  compared  with  the  modified  surface.  Exchange  reactions 
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were  typically  conducted  by  dipping  the  crystal  in  5  pM  AgN03  solution 
for  15  min.  in  the  dark.  Crystals  were  rinsed  in  acetone  to  dissolve  the 
nail  polish  and  ultrasonicated  in  methanol.  The  reaction  was  often 
monitored  by  the  decline  in  bulk  PL  of  the  crystal,  which  was  held  by 
Duco  cement  on  the  end  of  a  glass  rod  and  dipped  into  a  glass  cell 
initially  containing  Millipore  water.  When  the  water  was  drained  and 
replaced  by  a  5  pMAgN03  solution,  the  PL  declined  over  several  minutes 
to  ~50%  of  its  initial  intensity  at  which  time  the  AgNOg  solution  was 
drained,  and  the  crystal  was  rinsed  with  Millipore  water.  For  temporal 
PL  experiments,  crystals  were  cut  to  ~4x4x2  mm3,  and  exchange  was 
effected  by  exposure  to  either  5  pM  or  5  mM  AgN03  solutions  for  varying 
lengths  of  time. 

Surface  Characterization.  X-ray  powder  diffraction  data  were 
obtained  on  exchanged  CdSe  powder  (Aldrich;  99.99+%).  Typically,  1.0  g 
of  the  powder  was  slurried  in  20  mL  of  a  0.2  M  AgN03  aqueous  solution  in 
the  dark.  The  solid  was  removed  by  filtration  after  30  min.,  rinsed  with 
deionized  water  and  air  dried.  X-ray  data  were  obtained  on  a  Nicolet 
R3m/V  Polycrystalline  X-ray  Diffraction  System  using  Cu  Ka  radiation. 
X-ray  photoelectron  spectra  were  obtained  using  a  Perkin  Elmer  Model 
5400  ESCA  system,  with  Ag  and  Ag2Se  as  standards.  Auger  electron 
spectroscopy  was  performed  using  a  Perkin  Elmer  Model  660  Scanning 
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Auger  Mutiprobe  and  calibrated  using  the  Ag2Se  film  standards.  Different 
areas  on  the  surface  were  surveyed  to  give  an  average  depth  profile.  To 
examine  photoinertness  of  the  exchanged  surfaces,  a  picosecond  laser 
beam  (250  mW  at  587  nm)  was  focused  to  a  1-mm  diameter  point  and 
crudely  rastered  over  the  crystal  surface  continously  for  2  hours.  X-ray 
photoelectron  spectra  taken  on  the  irradiated  area  before  and  after 
photolysis  showed  no  Ag  peaks  other  than  those  due  to  Ag2Se. 
Steady-State  Optical  Measurements.  The  sample  cell  and  the 
experimental  setup  have  been  described.4  Samples  were  excited  with  a 
Coherent  Innova  90-5  Ar*  laser  (457.9  and  514.5  nm)  or  a  Melles-Griot 
Model  80  He-Ne  laser  (632.8  nm).  PL  intensity  was  continuously 
monitored  ?.+  the  PL  band  maximum  (a  recorder  was  used  in  time-base 
mode),  as  the  solution  was  varied.  The  cell  was  drained  and  the  PL 
recorded  in  pure  toluene  after  each  measurement  in  aniline  solution. 
Time-Resolved  Optical  Measurements.  Excitation  was  provided  by 
a  Coherent  Antares  Nd-YAG  laser  system,  as  previously  described.5 
Using  rhodamine  6G,  the  dye  laser  of  the  system  produces  a  2-ps  pulse 
(FWHM)  with  an  average  power  of  250  mW  at  587  nm.  The  beam  was 
focused  to  a  ~0.2-mm  diameter  point  on  the  crystal,  yielding  an  output 
of  ~1020  photons/cm3/pulse.  PL  decay  profiles,  measured  at  room 
temperature,  were  analyzed  by  time-correlated  single  photon 
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counting;1  2  the  instrument  response  function  was  ~50  ps.  Fits  of  data 
were  performed  to  the  Kohlrausch  form,  using  a  modification  of  the 
program  CURFIT  by  Bevington.1  3  The  PL  decay  curves  were  iteratively 
reconvoluted  from  the  instrument  response  function. 

RESULTS  AND  DISCUSSION 

In  sections  below  we  describe  the  physicochemical  properties  of 

the  CdSe/Ag+  interface;  steady-state  PL  properties  used  to  estimate 

adduct-induced  changes  in  depletion  width  and  adduct  formation 
constants;  time-resolved  PL  data;  and  a  model  to  account  for  the 
observed  data. 

Surface  Studies.  The  exchange  reaction  shown  in  eq.  1  is  effected  by 
slurrying  CdSe  powder  in  aqueous  AgN03  solution.  As  Fig.  1  reveals,  the 
CdSe  peaks  present  in  the  starting  material  are  joined  by  others  in  the 
reaction  product  that  match  naumannite,  Ag2Se.14 

When  a  single  crystal  of  CdSe  is  used,  the  photoelectron  spectrum 
of  the  exchanged  solid  likewise  shows  a  match  with  data  reported  for 
Ag2Se.1  5  Specifically,  the  binding  energy  of  the  Ag  3d£/2  level  at  367.9 
eV  is  observed  and  shifted,  as  reported,  relative  to  a  Ag  metal 
standard.1 5,1 6  It  is  noteworthy  that  surfaces  of  exchanged  crystals 
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appear  to  be  photoinert  under  the  experimental  conditions  of  our  PL 
measurements,  since  Ag2Se  appeared  to  be  the  only  Ag-containing 
species  present  in  the  photoelectron  spectra  before  and  after 
irradiation. 

Auger  electron  spectroscopy  (AES)  coupled  with  Ar1-  sputter  etching 
provides  a  depth  profile  of  the  exchanged  material.  A  typical  depth 
profile,  shown  in  Fig.  2a,  reveals  a  monotonic  increase  in  Cd  and 
decrease  in  Ag  concentrations,  from  the  surface  to  the  bulk.  The 
thickness  of  the  Ag2Se  film  was  estimated  as  being  the  distance  at 
which  the  atomic  concentration  of  Ag+  in  the  bulk  has  dropped  to  half  of 
its  surface  value.  This  estimate  is  only  an  approximation,  however,  since 
the  sputtering  rate  is  obtained  from  thin  films  of  Ag2Se,  whereas  the 
exchanged  surfaces  appear  to  be  mixtures  of  Ag2Se  and  CdSe.  Samples 
like  that  shown  in  Fig.  2a  that  were  exchanged  for  short  times  with  low 
concentrations  of  AgN03,  exhibited  depth  profiles  that  varied  markedly 
with  surface  position,  suggesting  that  the  Ag2Se  phase  is  nonuniformly 
distributed  over  the  surface.  Similar  observations  had  been  made  in 
previous  studies.1013  In  contrast,  exposure  of  CdSe  crystals  to  ~1  mM 
AgN03  solutions  for  5  min.  produces  Auger  spectra  having  no  Cd2  +  on  the 
surface,  indicative  of  complete  Ag2Se  surface  coverage,  Fig.  2b. 
Dead-Layer  Model  Results.  We  have  estimated  adsorption-induced 
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changes  in  the  depletion  width  W  of  CdSe  and  of  CdSe/Ag+  by  steady- 
state  PL  measurements  through  use  of  a  dead-layer  model.  The  model 
assumes  that  a  region  of  thickness  D,  on  the  order  of  the  depletion 
width,  is  nonemissive,  or  "dead"  insofar  as  PL  is  concerned,  because  the 
photogenerated  electron-hole  pairs  are  swept  apart  by  the  electric  field 

and  cannot  recombine  to  yield  PL.1  7 

The  quantitative  form  of  the  dead-layer  model  that  we  employ  for 
CdSe-  and  CdSe/Ag+-aniline  interfaces  is  given  by  eq.  2, 

PLref/PLx  *  exp(-a’AD)  (2), 

where  PLrefis  the  PL  intensity  in  a  toluene  reference  solvent;  PLX  is  the 
PL  intensity  in  a  toluene  solution  of  an  aniline  derivative;  a’  =  (a+P)is 
the  absorptivity  of  the  semiconductor,  corrected  for  self-absorption; 
and£D  =  (Dref-  Dx)  is  the  difference  in  the  dead-layer  thickness  in 
passing  from  pure  solvent  to  aniline  solution.  Operationally,  we  check 
for  applicability  of  the  model  by  use  of  different  interrogating 
excitation  wavelengths:  eq.  2  predicts  different  PL  ratios  but  a  constant 
value  for  aD  as  absorptivity  is  varied. 

Use  of  the  dead-layer  model  assumes  that  the  surface 
recombination  velocity  S  is  either  insensitive  to  adsorption  or  relatively 
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large  in  both  ambients  [S  »  Lp/  Xp  and  S  »  aLp2/  ip,  where  Xp  and  Lp  are 
the  minority  carrier  (hole)  lifetime  and  diffusion  length,  respectively].1 8 

In  conducting  steady-state  PL  experiments,  we  found  that  the  red, 
band  edge  PL  of  CdSe  (Eg~  1.7  eV;  720  nm)  is  observable  only  under 
reaction  conditions  leading  to  limited  exchange;  we  restricted  ourselves 
to  reaction  conditions  that,  from  Auger  data,  correspond  to  Ag2Se 
thicknesses  of  ~20  A.  Excitation  intensities  were  typically  -1  mW/cm2. 

In  order  to  assess  the  effects  of  Ag+  exchange  directly,  we  studied 
two  halves  of  a  sample  surface,  one  half  of  which  had  been  immersed  in 
AgN03  solution  to  prepare  a  CdSe/Ag+  interface.  Each  half  of  the  solid 
was  excited  separately  with  ultra-bandgap  light  while  immersed  in 
toluene  solvent  or  in  toluene  aniline  solutions;  the  liquids  are  easily 
changed  without  altering  the  sample-detection  optics  geometry.  We 
have  focused  on  para  substituents  to  minimize  the  steric  effects  on 
surface  binding.7 

Like  other  amines,  aniline  causes  an  enhancement  in  the  PL 
intensity  of  CdSe  and  of  CdSe/Ag+  relative  to  solvent.  The  PL  changes 
are  reversible  and  concentration  dependent,  saturating  by  ~0.2  M  for  both 
systems.  Figure  3  shows  the  PL  changes  of  CdSe  and  CdSe/Ag+  upon 
adsorption  of  the  anilines.  For  CdSe,  the  magnitude  and  direction  of  the 
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changes  in  PL  intensity  have  been  correlated  with  the  adsorbates' 
Hammett  substituent  constants,  a  measure  of  the  electron  density  at  the 
coordination  site.7*19 

For  CdSe/Ag+,  the  same  qualitative  shift  is  observed:  aniline 
adsorption  increases  the  PL  intensity  relative  to  the  toluene  solvent 
with  the  effect  enhanced  as  the  ring  substituent  becomes  more  electron 
donating.  But,  for  a  given  aniline  derivative,  the  magnitude  of  the  PL 
enhancement  is  roughly  twice  as  large  from  the  CdSe/Ag+  half  of  the 
sample  as  from  the  CdSe  half.  We  have  observed  this  effect  using  four 
different  samples. 

For  both  exchanged  and  unexchanged  samples,  the  changes  in  PL 
intensity  caused  by  aniline  adsorption  are  well  fit  by  the  dead-layer 
model:  Fig.  4  shows  that  a  constant  aD  value  is  obtained  for  each  aniline 
derivative  using  three  excitation  wavelengths.  The  aD  values  correspond 
to  the  maximum  reduction  in  dead-layer  thickness  induced  by  aniline 
adsorption  and  reach  values  of  700-900  A  for  the  aniline  derivatives  on 
the  CdSe/Ag+  surface.  We  should  note  that  we  did  not  modify  the  dead- 
layer  model  for  use  with  the  CdSe/Ag+  surface,  since  the  layer 
thicknesses  were  small  and  the  surface  coverage  incomplete  (vide 
supra). 
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The  larger  changes  in  the  dead-layer  thickness  from  the  exchanged 
surfaces  prompted  us  to  investigate  the  relative  magnitude  of  the  pre¬ 
adsorption  band  bending  between  CdSe  and  CdSe/Ag+.  Previous  studies 

of  the  CuS/CdS20  and  InSb/GaAs2  1  heterojunctions  have  shown  that 
junction  formation  increases  the  band  bending  at  the  interface.  To 

investigate  this  effect  in  CdSe/Ag+,  intensity  studies  have  been  carried 
out. 

Increasing  the  incident  light  intensity  should  reduce  the  pre¬ 
adsorption  value  of  D  and,  therefore,  the  adduct-induced  reductions  in  D. 
We  have  investigated  the  intensity  dependence  of  the  PL  ratio  of  CdSe 
and  CdSe/Ag+  with  p-CH3  aniline  using  514.5-nm  light.  The  studies 
show  that  for  CdSe,  the  maximum  PL  ratio,  measured  for  the  P-CH3 
derivative,  is  constant  over  -1  to  12  mW/cm2;  as  the  intensity 
increases  beyond  this  point,  the  PL  ratio  starts  to  decline,  consistent 
with  a  pre-adsorption  state  with  a  smaller  electric  field  thickness.7  In 

contrast,  the  maximum  PL  ratio  of  CdSe/Ag+  remains  constant  over  a 

larger  intensity  range  of  between  -1  to  25  mW/cm2,  at  which  point  it 
begins  to  drop.  This  observation  is  consistent  with  the  notion  that  a 
larger  pre-adsorption  band  bending  exists  near  the  surface  of  the 
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exchanged  CdSe/Ag+  solid  compared  to  CdSe. 

Adduct  Formation  Constants.  Equilibrium  constants  for  adduct 
formation  between  the  adsorbate  and  CdSe(/Ag+)  surfaces  can  be 
estimated  from  the  concentration  dependence  of  the  PL  changes  using 
the  Langmuir  adsorption  isotherm  model.1'7-22  The  quantitative  form  of 
the  model  is  given  by  eq.  3, 

0  =  KC  /  (1  +  KC)  or  1/0  =  1+  1/(KC)  (3), 

where  0  is  the  fractional  surface  coverage,  K  is  the  equilibrium 
constant,  and  C  is  the  solution  concentration  of  the  adsorbate;  a  double¬ 
reciprocal  plot  of  0" 1  vs.  C* 1  should  be  linear  with  a  slope  equal  to  K" 1 . 

We  assumed  that  the  maximum  PL  changes  correspond  to  maximum 
surface  coverage  (0  =  1).  If  0  is  taken  to  be  the  fractional  change  in  aD, 
which  from  eq.  2  is  proportional  to  In  (PLx/PLref),  we  obtain  eq.  4:  6-7 
0  =  In  [PLx/PLref]  /  In  [PL^/PL^]  (4), 

where  PLref,  PLsat,  and  PLX  correspond  to  the  reference  (0  =  0),  saturated 
(0  =  1),  and  intermediate  PL  intensities. 

Figure  5  presents  the  adsorption  isotherms  of  the  p-CH3  aniline 
derivative  for  CdSe  and  CdSe/Ag+  surfaces.  The  data  are  well  fit  by  the 
Langmuir  adsorption  isotherm  model.  The  Fig.  5  data  show  that  the 
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equilibrium  constant  for  CdSe/Ag+  is  roughly  twice  that  of  CdSe,  an 
observation  we  made  on  all  of  the  samples  tested.  We  also  constructed 
adsorption  isotherms  for  the  p-OCH3  derivative  and  for  aniline  itself  and 
found  a  similar,  approximate  doubling  of  K  in  passing  from  the 
unexchanged  to  the  exchanged  surface.  Fig.  6  summarizes  the  data  for  a 
particular  sample.  The  approximate  doubling  of  K  following  Ag+ 
exchange  is  a  relatively  modest  effect  compared  to  the  300-fold  higher 

binding  constant  of  Ag+  for  aniline  in  water  compared  to  Cd2+.23  This 
suggests  that  the  PL  response  to  aniline  is  still  dominated  by  the  binding 
at  Cd2+  sites,  although  perhaps  perturbed  by  the  presence  of  Ag2Se  on 

the  surface. 

Time-Resolved  Experiments.  In  conducting  time-resolved 
experiments,  we  examined  PL  decay  profiles  of  crystals  of  n-CdSe 
before  and  after  exchange  with  Ag+  ions.  Decay  profiles,  l(t),  were 
nonexponential  and  well  fit  by  the  two-parameter  Kohlrausch  function, 
eq.  5,  5*24 

l(t)  =  l0  exp  C-(t/xk)pk]  (5) 

The  parameter  (3k  (0  <  (3k  <  1)  has  been  related  to  a  distribution  of 
exponential  decay  times  that  are  serially  linked 
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((3k  is  sometimes  referred  to  as  a  "width  parameter”;  as  (5k  becomes 
smaller,  the  distribution  becomes  broader),  and  the  parameter^,  the 
lifetime,  is  the  time  at  which  the  relaxation  function  l(t)  falls  to  l</e 
and  corresponds  to  the  maximum  in  the  distribution  of  the  decay  times. 
Figure  7  demonstrates  the  goodness-of-fit  of  the  PL  decay  profile  to  the 
Kohlrausch  equation.  An  average  relaxation  time,  <xk>,  has  also  been 
defined. 24bi25 

Figure  8  shows  the  different  decay  profiles  of  CdSe/Ag+  crystals, 
exchanged  to  varying  degrees.  The  corresponding  average  film 
thicknesses  from  AES/Ar*  sputter  etch  data  and  the  Kohlrausch 
parameters  of  each  crystal  are  summarized  in  Table  I.  The  data  in  the 
table  indicate  that  as  the  extent  of  exchange  increases,  pk,  xk,  and  <xk> 
decrease,  eventually  reaching  limiting  values  and  reflecting  a 
significant  perturbation  of  carrier  recombination  processes  in  the  solid.' 

Qualitatively,  the  trends  in  tk  and  <xk>  indicate  that  Ag+/Cd2  + 

exchange  increases  the  number  and/or  influence  of  sites  of  fast 
nonradiative  decay,  presumably  through  introduction  of  defect  states. 
Recent  studies  have  shown  that  metals  such  as  Ag,  Au,  and  Cu  can  cause 
lattice  dissociation  of  the  CdS  and  CdSe  surfaces  and  create  lattice 
defects  and  dangling  bonds.20,26  Besides  the  defect  states  that  might  be 
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associated  with  isolated  Ag+  centers,  the  interface  states  at  the 
CdSe/Ag2Se  heterojunction  can  act  as  effective  recombination  centers 
with  large  capture  cross-sections  for  minority  carriers  (holes).20-27 

The  j3k  parameter  is  ~0.6  in  CdSe  and  its  decline  with  Ag+  exchange 
appears  to  saturate  at  ~0.5.  The  broadening  of  the  dispersion  in  decay 
sites  may  be  linked  to  the  nonuniform  distribution  of  Ag2Se  islands  on 

the  surface  of  CdSe  inferred  from  our  Auger/Ar+  sputter  etch  data  (vide 
supra). 

Under  the  strong  illumination  conditions  used  in  our  experiments, 

~1  01  9- 1  O20  photons/cm3/pulse,  band  flattening  should  occur,  meaning 
that  the  Ag+ -induced  temporal  PL  changes  are  driven  by  changes  in  the 
surface  recombination  velocity  S  and  not  by  changes  in  W.  Huppert  et  al. 
have  used  similar  experimental  conditions  to  conclude  that  other 

exchanging  ions  like  Cu^+  cause  S  for  CdS  and  CdSe  to  increase  20 

A  major  assumption  of  the  dead-layer  model  is  that  S  is  either  very 
high  in  both  toluene  solvent  and  aniline  solution,  or  unaffected  by  the 
solution  environment.  Temporal  experiments  were  undertaken  to  seek 
evidence  for  adduct-induced  changes  in  recombination  kinetics.  We  find, 
however,  that  the  luminescence  decay  profiles  for  both  CdSe  and 
CdSe/Ag+  in  toluene  are  unaffected  by  p-methoxy-  and  p-methylaniline 
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adsorption.  This  is  the  case  both  at  moderate  intensity  and  also  at  high 
intensity  where  the  bands  should  be  more  nearly  flat.  The  fact  that  the 
decay  profiles  are  insensitive  to  aniline  adsorption  implies  that  either  S 
is  unchanged  by  adsorption  or  that  our  technique  is  unable  to  detect 
changes  in  S  that  may  be  occurring. 

An  Interfacial  Orbital  Interaction  Model.  The  CdSe/Ag2Se 
interface  can  be  regarded  as  an  abrupt  n-n  heterojunction.  The  crystal 
structures  and  lattice  constants  of  Ag2Se  and  CdSe  are  quite  different, 
leading  to  a  large  lattice  mismatch.  Irrespective  of  the  preparation 
method,1 1  Ag2Se  has  been  found  to  be  an  n-type  semiconductor  with  a 
monoclinic  structure  at  room  temperature;  the  semiconductor  is 

characterized  by  a  high  carrier  density  (1 01  7- 1  01  9  cm' 3)  and  a  bandgap 

energy  of  0.07  eV.  Because  of  the  abrupt  change  in  the  structure  of  the 
lattice  (CdSe  has  the  wurtzite  structure),  interface  states  are  likely  to 
form,  as  mentioned  earlier.  These  interface  states,  besides  affecting  S, 
as  inferred  from  the  temporal  PL  data  (vide  supra),  can  also  increase  the 
initial  (pre-adsorption)  band  bending.20-21’27  Our  intensity  studies  have 
shown  that  a  stronger  incident  light  intensity  is  required  to  induce  the 

intensity  effects  for  CdSe/Ag+  compared  to  CdSe,  consistent  with  a 
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larger  initial  band  bending  in  CdSe/Ag+.  Figure  9  highlights  the 

importance  of  surfaces  and  interface  states  on  the  energy  band  profiles 
of  CdSe  and  Ag2Se/CdSe.  In  Fig. 9(a),  a  positively  charged  depletion 
region  exists  near  the  surface  of  n-CdSe,  due  to  the  trapping  of  negative 

charge,  presumably  by  the  unsaturated  surface  Cd2+  ions.  We 
hypothesize  the  presence  of  a  broad  distribution  of  surface  states  that 
straddles  the  Fermi  level.7 

The  electronic  occupancy  of  these  surface  states  can  be  reduced  by 
the  presence  of  interface  states  at  the  abrupt  n-n  heterojunction,  Fig. 
9(b),  leading  to  a  larger  depletion  width,  as  inferred  from  our  intensity 
studies.  Similar  band  profiles  to  that  shown  in  Fig.  9(b)  have  been 
proposed  for  the  CuS/CdS20c  and  GaAs/lnSb21  heterojunctions.  It  is 

noteworthy  that  charge  neutrality  in  CdSe/Ag+  is  no  longer  maintained 

on  an  axial  basis  but  is,  of  course,  for  the  overall  volume. 

The  interaction  of  the  dipolar  aniline  species  with  the  surface  Cd 
sites  can  be  likened  to  the  formation  of  a  weak  donor-acceptor  complex, 
Fig.10.7  As  shown  in  Fig. 10(a),  the  donor  HOMO  and  acceptor  LUMO  are 
slightly  stabilized  and  destabilized,  respectively,  by  the  formation  of 
the  complex,  but  there  is  little  tranfer  of  charge  density  between  them; 
accordingly,  the  complex  is  readily  dissociated.  The  analogous  picture 
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for  aniline  adsorption  onto  CdSe  can  be  represented  in  Fig. 10(b).  In  this 
case,  the  surface  states  may  interact  with  the  aniline  HOMO  to  produce  a 
new  distribution  that  can  lead  to  a  reduction  in  depletion  width  by 
raising  the  energies  of  the  surface  states  closer  to  the  conduction  band 
and  reducing  their  overall  electronic  occupancy. 

The  analysis  of  our  experimental  results,  based  on  the  dead  layer 
model,  suggests  the  following  possible  scenario  for  the  case  of 

CdSe/Ag+,  shown  in  Fig. 10(c).  The  figure  shows  a  larger  initial 

depletion  layer  and  lower  electronic  occupancy  in  the  surface  states  of 
the  bare  CdSe  region,  presumably  due  to  the  trapping  of  electrons  by  the 
neighboring  Ag2Se.  It  is  thus  likely  that  a  similar  shift  of  the  Fermi 
energy,  resulting  from  aniline  adsorption,  spans  a  region  of  larger 
density  of  surface  states  as  compared  with  untreated  CdSe. 
Consequently,  this  new  equilibrium  state  results  in  a  greater  amount  of 
charge  having  been  transferred  from  localized  surface  states  into  the 
bulk  semiconductor  and  leads  to  a  larger  change  in  the  depletion  width. 
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Table  I.  Average  film  thicknesses  and  PL-derived  Kohlrausch 
parameters  of  CdSe  and  CdSe/Ag+  crystals. 


Solid3 

Film  thickness  (A)^ 

PkC 

MPS  f 

<Tk>  (pS) 

(a)  CdSe 

-  - 

0.56±0.01 

1 50±1 0 

250±20 

(b)  CdSe/Ag+ 

20±5 

0.51±0.01 

71  ±6 

1 40±1 0 

(c)  CdSe/Ag+ 

37±5 

0.50±0.01 

43±5 

86±9 

(d)  CdSe/Ag+ 

50±5 

0.46±0.01 

23±3 

46±6 

(e)  CdSe/Ag+ 

280±1 0 

0.46±0.01 

23±3 

46±6 

a  Samples  of  CdSe  and  CdSe/Ag+  crystals,  labeled  (a)  to  (e),  yielded  the 
decay  profiles  shown  in  Fig.  8.  The  exchange  conditions  for  the 
CdSe/Ag+ crystals  are  as  follows:  (a)  no  exchange;  (b)  5  pMAgNOg  for  15 

min.;  (c)  5  jiM  AgNOg  for  30  min.;  (d)  5  pM  AgNOg  for  60  min.;  and  (e)  5 
mM  AgNOg  for  5  min. 

^  Average  film  thicknesses  of  AggSe  in  CdSe/Ag+  samples,  determined 
from  AES/Ar+  sputtering  experiments,  as  described  in  the  text. 
c  Parameters  pk  and  xk,  obtained  from  the  Kohlrausch  equation  (eq.  5  in 


the  text)  by  averaging  data  from  three  trials. 
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^  Values  of  the  average  relaxation  time  <Tk>  were  calculated  from 
equation  (iii)  in  ref  25. 
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Figure  Captions 

Figure  1.  X-ray  powder  diffraction  patterns  for  CdSe  (top)  and 
CdSe/Ag+  (bottom).  The  CdSe/Ag+ powder  was  obtained  by  slurrying  1.0 
g  of  CdSe  powder  in  20  ml.  of  a  0.2  M  AgN03  aqueous  solution  in  the  dark. 
In  the  bottom  panel,  the  additional  peaks  (indicated  by  the  arrows) 
match  those  of  Ag2Se  (see  ref  14). 

Figure  2.  Depth  profiles  of  CdSe/Ag+  crystals  obtained  from  AES/Ar+ 
sputtering  experiments.  Part  (a)  corresponds  to  an  average  film 
thickness  of  37±5  A  and  (b)  to  an  average  thickness  of  280±10  A.  The 
atomic  concentrations  of  the  elements  are  not  corrected  for  the 

different  sensitivity  factors  of  the  individual  elements.  The  Ar+ 

sputtering  rate  was  estimated  to  be  60  A/min.  Concentrations  of  Cd,  Ag, 
and  Se  were  obtained  by  monitoring  the  peak  intensities  at  376  eV,  351 
eV,  and  1315  eV,  respectively.  The  CdSe/Ag+  crystal  of  (a)  was  obtained 
by  exchange  with  a  5  jiMAgN03  solution  for  30  min.  and  the  crystal  of  (b) 
by  exchange  with  a  5  mM  AgN03  solution  for  5  min. 

Figure  3.  Relative  changes  in  PL  intensity  at  720  nm  resulting  from 

exposure  of  a  n-CdSe  sample  (left  half  of  the  figure)  and  a  CdSe/Ag+ 

sample  (right  half)  to  toluene  (initial  response)  and  to  a  ~0.2  M  solution 
of  the  indicated  aniline  derivative  in  toluene.  The  data  were  measured 
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from  two  halves  of  the  same  CdSe  sample,  with  one  half  exchanged  with 
a5pMAgN03  solution  for  15  min.  and  the  other  half  unmodified. 
Superimposed  on  the  plot  are  the  PL  spectra  of  the  CdSe  and  CdSe/Ag+ 
samples,  obtained  in  toluene  and  normalized  to  a  common  intensity  (the 

CdSe/Ag+  signal  is  about  3  times  weaker  than  that  of  CdSe).  Downward 

spikes  are  caused  by  the  draining  of  the  cell  under  N2  when  the  solutions 
were  changed.  The  samples  were  excited  with  457.9-nm  light  in  all 
cases. 

Figure  4.  Maximum  values  of  AD,  ±10%,  for  a  CdSe  sample  (left)  and  a 
CdSe/Ag+  sample  (right)  with  each  of  the  aniline  derivatives  examined, 
calculated  with  eq.  2  of  the  text.  The  data  were  determined  from  the 
two  halves  of  the  same  sample  as  in  Fig. 3.  Typical  aniline 
concentrations  needed  to  produce  the  maximum  PL  changes  were  ~0.2  M 
for  both  samples.  Excitation  wavelengths  in  nm  are  shown  in  the  legend. 
Penetration  depths  (1/a  of  570,  740,  and  1500  A  at  457.9,  514.5,  and 
632.8  nm,  respectively)  and  the  correction  for  self-absorption  (p  = 
1.2x104  cm'  ')  were  obtained  from  ref  28. 

Figure  5.  Plots  of  the  fractional  surface  coverage  6,  defined  by  eq  4, 
vs.  p-methylaniline  concentration  for  a  CdSe  sample  (open  circle)  and  a 
CdSe/Ag+  sample  (triangles).  The  double-reciprocal  plots  are  shown  as 
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insets;  linearity  implies  that  the  fits  to  the  Langmuir  model  are  good  for 
both  cases.  Values  of  K,  calculated  from  eq.  3,  were  50±5  M' 1  for  CdSe 

and  90±10  M* 1  for  CdSe/Ag+.  The  samples  were  excited  with  457.9-nm 

light.  The  data  were  determined  for  the  two  halves  of  the  same  sample 
as  in  Fig. 3. 

Figure  6.  Calculated  values  of  the  adsorption  equilibrium  constant 
(eq.3  in  the  text),  K±10%,  for  the  interaction  of  the  indicated  amines 
with  single  samples  of  CdSe  (left)  and  CdSe/Ag+  (right).  The  data  were 
determined  for  the  two  halves  of  the  same  sample  as  in  Fig. 5. 

Figure  7.  Luminescence  decay  from  a  CdSe/Ag+  sample  (estimated 
average  Ag2Se  film  thickness  of  ~20±5  A)  in  air  with  587-nm  excitation 
at  an  estimated  average  power  of  ~250  mW.  The  dashed  curve  is  the  fit 
to  the  Kohlrausch  equation.  The  fit  parameters  are  p  *  0.51  ±0.01  and  t  = 
71  ±6  ps. 

Figure  8.  Decay  profiles  of  CdSe  and  CdSe/Ag+  crystals,  exchanged  to 
varying  degrees,  measured  in  air  with  587-nm  excitation  at  an 
estimated  average  power  of  ~250  mW.  Curve  (a)  corresponds  to  the 
profile  of  the  CdSe  crystal  and  curves  (b)-(e)  to  that  of  the  CdSe/Ag+ 
crystals  with  increasing  coverage  of  Ag2Se.  Curve  (f)  is  the  instrument 
response  function.  All  curves  have  all  been  normalized  to  a  common 
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maximum  intensity.  The  corresponding  average  film  thickness  from 

AES/Ar+  sputtering  experiments,  exchange  conditions,  and  the 

Kohlrausch  parameters  of  each  crystal  are  summarized  in  Table  1. 

Figure  9.  Schematic  energy  band  profiles  of  (a)  etched  n-CdSe  and  (b)  a 

CdSe/Ag2Se  (CdSe/Ag+)  n-n  heterojunction.  Part  (a)  shows  a  positively 

charged  depletion  region  existing  near  the  surface  of  the  crystal.  The 
density  of  surface  states  is  pictured  as  a  distribution  about  the  Fermi 
level,  Ef.  Shaded  portions  of  the  distribution  correspond  to  occupied 
surface  states.  Part  (b)  illustrates  the  CdSe/Ag2Se  heterojunction.  We 
infer  from  PL  intensity  effects  (see  text)  that  the  band  bending  is 
increased  by  the  interface  states  created  by  the  heterojunction. 

Figure  10.  (a)  Molecular  orbital  formation  involving  a  donor-acceptor 

pair;  the  donor’s  HOMO  is  slightly  stabilized,  while  the  acceptor’s  LUMO 
is  slightly  destablized.  (b)  The  analogous  orbital  picture  for  the 
interaction  of  n-CdSe  surface  states  with  an  aniline  donor.  The  donor’s 
HOMO  is  slightly  stablized,  while  the  surface  states  are  slightly  raised 
in  energy  relative  to  the  conduction  band  edge,  (c)  A  possible  scenario 

for  the  orbital  interaction  of  the  bare  CdSe  regions  of  CdSe/Ag+  with  an 

aniline  donor.  Larger  changes  in  the  depletion  region  result  from  aniline 
adsorption,  presumably  reflecting  a  similar  shift  in  Fermi  energy,  but 


one  which 
relative  to 
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now  spans  a  region  having  a  larger  density  of  surface  states 
the  untreated  CdSe  surface  in  (b). 
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